Antireflective (AR) coatings are widely applied to optical components in order to improve optical transmission at material surfaces or interfaces, e.g., on cover glasses of photovoltaic modules or solar thermal energy conversion systems, lenses, windows and various other devices[@b1][@b2]. The AR effect usually relies on destructive interference of light which is reflected from the immediate surface and the interface between surface and coating[@b3]. Consequently, AR coatings are designed according to Fresnel\'s law where optimal antireflection is obtained for layers with a thickness of *λ*/4 and a linear refractive index corresponding to the square root of that of the substrate. For glasses which are employed in architecture, solar modules and automotion, the optimal index of the coating is in the area of 1.23--1.27. Such low refractive indices cannot readily be obtained in a bulk material. Instead, an effective medium consisting of high-index particles and low-index pores can be created[@b4]. Technologically, this is usually achieved on large area through deposition of a nano-porous layer of silica where the pores are filled with a low-index medium (air).

However, depending on relative humidity, pores in SiO~2~-based materials tend to readily adsorb water[@b3] from the surrounding atmosphere, and also organic compounds[@b5][@b6] or carbonates[@b7]. Such contamination may have significant implications for the remaining AR effect or even spoil it by inducing an increase of the effective refractive index of the coating. This is schematically illustrated in [Figure 1](#f1){ref-type="fig"} for a coating in which the pores are filled with water, [Fig. 1(a)](#f1){ref-type="fig"} vs. air, [Fig. 1(b)](#f1){ref-type="fig"}. In addition to the optical effect, the presence of water in the coating can also provoke corrosion and facilitate further soiling of the surface[@b8]. In this context hydrophobic AR coatings have been shown to be more robust towards humid corrosion[@b1] and less prone to water adsorption in the pores[@b9].

The dynamic uptake and release of water, the so-called breathing, of a TEOS derived AR coating has been investigated by infrared spectroscopy by Vong and Sermon[@b3]. Other techniques such as the use of a quartz crystal microbalance[@b10] or environmental ellipsometry, were also employed by other groups to characterize the water adsorption on sol-gel (tetra ethyl orthosilicate, TEOS) based systems, coated on silicon[@b6] and on polymer substrates[@b9]. It was demonstrated that in such coatings, water is reversibly adsorbed in the pores both physically and chemically. Formation of silanol groups takes place at room temperature[@b3][@b6], but for condensation it requires higher temperature (\~190°C)[@b11]. For highly-ordered mesoporous silica films, molecular adsorption and capillary condensation could be distinguished from X-ray reflectivity measurements[@b12]. The water uptake by such coatings was shown to increase the overall thickness of the coating by swelling (of the pores) and by condensation of a water film on the rough surface of the coating. Further, the swelling of porous sol-gel based coatings induces pore deformations that alter the mechanical properties[@b10]. Noteworthy, also the structure of the water molecules in such nanometric confinement is of interest in many branches of science (e.g. ref. [@b13]).

While the previous studies investigated the mechanisms and long-term behavior of environmental ageing effect under mostly isothermal conditions for different coatings, in this this paper, we propose a simple and direct method to analyze the effects of water adsorption and desorption on the optical performance of AR coatings. For that, adsorption-desorption cycles were performed at varying temperature between 30°C and 75°C and observed in situ by interference microscopy and transmission spectroscopy. The significantly improved accuracy of the interferometric data aquisition as compared to ellipsometry enables quantification of even slight variations in coating properties without the need for further mathematical models and assumptions for data treatment.

Results
=======

Characterization of the as-prepared films
-----------------------------------------

The thickness of the as-obtained coating was determined as (120 ± 20) nm. The AR effect is validated by comparing the transmission spectra of non-coated and coated glass substrate as shown in [Fig. 2](#f2){ref-type="fig"}. The transmission maximum is obtained near 520 nm which correlates well with the film thickness which is supposed to be *λ*/4 for the wavelength of maximum transmission[@b4]. The transmission enhancement at this wavelength is by about 3.3 percent points, i.e., from \~ 91.4% (uncoated, optical absorption \~ 0.6%/mm at this wavelength) to 94.7% (coated) for a double-sided coating.

Assuming a substrate refractive index of 1.52 (corresponding to a reflectivity of \~ 4% of an uncoated glass surface), the observed increase corresponds to a refractive index of the coating of 1.438, applying Eq. 1[@b4], where *R* is reflectivity from a single side, and *n*~c~, nsubstrate and *n*~air~ are the refractive indices of the coating, the glass substrate and the surrounding medium respectively. This calculated value is somewhat lower than the value which was estimated by ellipsometry.

Effect of humidity on overall transmission
------------------------------------------

The effect of loading an uncoated and coated sample under the same humid conditions on the absorbance spectra in the infrared range is also illustrated in [Fig. 2](#f2){ref-type="fig"}. As expected, the coated sample adsorbs more water than the uncoated reference sample as it is indicated by pronounced absorbance intensities at the characteristic wavelengths of OH stretching vibrations in the spectral range around 3000 cm^−1^ to 3500 cm^−1^. That is, the transmission increase which is caused by the coating is significantly lower at the characteristic absorption bands relative to the overall increase which is predicted by the simple consideration of interference. In detail, the peaks at 3230 cm^−1^ and 3400 cm^−1^ can be assigned to stretching vibrations of --OH from two types of absorbed water[@b14], that is, solid-like and liquid-like, respectively. The band at 3650 cm^−1^ is attributed to Si-OH stretching vibrations[@b3]. The elevated absorbance values in this wavenumber region indicate that the coated samples adsorb water both chemically and physically. The less pronounced but visible absorbance peaks at around 2849 cm^−1^ and 2915 cm^−1^ are assigned to -CH~2~ stretching vibrations[@b15], and are attributed to atmospheric contaminants.

Effect of temperature on overall transmission
---------------------------------------------

Further evidence for the fact that water adsorption is responsible for the observed deviations is provided by thermal desorption experiments. These were conducted as follows, starting with samples which were kept at laboratory conditions before measurements. First, the humidity conditions were kept constant while changing the sample temperature. The relative change of transmission at 520 nm as a function of temperature is displayed in [Fig. 3(a)](#f3){ref-type="fig"}. In case of the bare glass sample, the transmission remains more or less at the same level. In case of the AR-coated glass, the transmission experiences a change with temperature. For the coated glass, an overall increase of the relative transmission of \~ 1%-point is observed in the studied temperature range. Hence, the overall transmission of the dry coated sample is \~ 1%-point higher than the previously measured 94.7%. With Eq. 1, this yields an effective refractive index of the dry coating of 1.414. From this, the porosity of the coating can be estimated according to Eq. 2, assuming that the refractive index of the pore medium is unity (air), and the effective index of the coating results from a mixture of the indices of pores and silica (n~SiO2~ = 1.460) according to effective medium theory[@b4], A value of \~ 11.7% is obtained in this way. However, the real porosity may still be higher, as higher temperatures are needed to drive-out the last (chemisorbed) water from porous SiO~2~ materials[@b11].

On the graph in [Fig. 3(a)](#f3){ref-type="fig"}, three regimes of iso-humid desorption can be distinguished: In the onset region I the relative transmission remains unchanged, in region II, due to water desorption, transmission increases approximately linear with increasing temperature, and finally in region III, a constant level of high transmission is reached. The three regimes can be correlated according to the process of isothermal sorption[@b10]: Region I corresponds to high humidity conditions where all capillaries are filled, region II corresponds to the onset of capillary evaporation, and region III corresponds to low humidity conditions. Hence, the depleted water content in the coating in region III causes a higher air-filling fraction and thus in turn a lower effective refractive index. A suggested temperature interval for the transition (60--125°C) has been marked on [Fig. 3(a)](#f3){ref-type="fig"}.

This type of experiment was repeated at heating rates of 3 K/min, 5 K/min and 10 K/min as shown in [Fig. 3(b)](#f3){ref-type="fig"}. For each of those, the same tendency of increasing transmission over the studied temperature range was observed. In particular, region II always occurs in the range of 50°C to 125°C regardless of heating rate within the range of data. We therefore conclude that in all three sets of data, the equilibrium of condensation-evaporation is reached at any point within the timescale of heating. Therefore, the observed process reflects the thermodynamics of the sorption-desorption process.

Effect of temperature on optical-path length under iso-humid conditions
-----------------------------------------------------------------------

The change of optical pathway is another suitable parameter to track the AR efficiency of the coated sample under iso-humid conditions. Interferometric experiments were therefore conducted in argon and air atmosphere. The normalized optical path length monitored as a function of temperature is shown in [Fig. 4](#f4){ref-type="fig"}. Regardless of the atmosphere, there is a decrease of the normalized optical path length with increasing temperature. On the figure, a transition regime similar to the one which is observed in [Fig. 3(a)](#f3){ref-type="fig"} is also marked (55°C--135°C). As a result of thermally-induced desorption, the coating responds with an overall decrease of \~11% (air) and of more than 25% (argon), respectively, in optical pathlength. This reflects the decrease in effective refractive index with water evaporation. The strong deviation which is seen between the data at 200°C is ascribed to chemical modifications of the silica layer taking place at higher temperature.

Upon cooling, the difference between (humid) air and argon (dry, Ar) atmosphere becomes visible: for the sample cooled in air, the optical path length returns to the point at which the prior heating scan was started. This reflects the re-increase of the effective refractive index back to its original value upon re-adsorption (of water). In dry Ar atmosphere, on the other hand, the optical path length of the coating remains unaffected by cooling as there is no water available to re-adsorb into the pores. This also indicates that the effect of thermal expansion on optical path length can be neglected.

Effect of optical breathing on AR efficiency
--------------------------------------------

The effect of optical breathing, i.e., the reversibility of the optical path length and, hence, AR efficiency with adsorption and desorption was examined under isothermal conditions for cycling between humidified air and inert argon. This is exemplarily shown in [Fig. 5](#f5){ref-type="fig"}. It can be seen, that the effect of water adsorption is closely following the change in atmosphere. Desorption on the other side, requires somewhat more time. The five consecutive scans which are shown in [Fig. 5](#f5){ref-type="fig"} are normalized and re-plotted in [Fig. 6(a)](#f6){ref-type="fig"}. In a first consideration, we conclude that the process of adsorption and desorption is fully reversible, at least for the considered number of scans. That is, there are no obvious degradation reactions occurring which would lead to permanent changes on the coating. When evaluated individually, each cycle has a very similar shape, resulting in an end level of 4--8% lower than the maximum level attained under humid atmosphere, roughly corresponding with the observed decrease upon thermal desorption as shown in [Fig. 4](#f4){ref-type="fig"}.

Determination of average pore size
----------------------------------

The effective (average) pore size of the water-saturated coating can be estimated with the *Kelvin* formula, Eq. 3[@b16][@b17][@b18] for the samples loaded at 80% r.h., Here, *γ* and *V*~m~ are the surface tension and molar volume of water, respectively, and *θ* represents the wetting angle between the porous SiO~2~ material and water, which is around 27°[@b6]. At an 80% relative humidity as present here, this corresponds to the filling of pores of radius *r* \~ 4 nm and below.

Determination of activation energy of desorption
------------------------------------------------

In order to evaluate the activation energy of water desorption in the present situation, breathing experiments were conducted at several different temperatures. The kinetics of the desorption process were evaluated for the reaction coordinate *ζ*, (Eq.4) defined on the basis of the fractional water content of the coating, *f*~H20~. The data were fitted in terms of a simple *Avrami* equation, Eq. 5[@b19].

In Eqs. 4--5, *f*~H2O~, *f*~H2Oi~, and *f*~H2O∞~ represent the coating fraction of water at the actual measurement point, initially and at the end of the experiment (extrapolated to infinite time), respectively. In Eq. 5, *τ* is the characteristic timescale and *n* represents the reaction order.

Applying linear mixing for the refractive index of the coating and under the assumption of constant coating thickness and SiO~2~ volume fraction during the desorption process, it can be shown that the optical path length can be inserted directly in the formula for the reaction coordinate, Eq. 6 and Eq. 7.

An example for a fit of the data obtained at 50°C to Eq. 7 is given in [Fig. 6(b)](#f6){ref-type="fig"}. All fits gave values for the reaction order *n* in the range of 0.54--0.74. That is, desorption process follows a stretched exponential decay. On the other hand, water desorption from silica surfaces was previously described as a first order reaction[@b11][@b20].

For estimation of the activiation energy, the time at 50% water release, *t*~0.5~, was determined. It was found to decrease from 14.3 min to 5.3 min with increasing desorption temperature. The values were plotted against the reciprocal temperature as shown in [Fig. 7](#f7){ref-type="fig"}. A linear fit with a correlation coefficient of 0.98 was obtained with a slope of 2100 K^−1^ ± 121 K^−1^ corresponding to an activation energy of (18 ± 1) kJ/mol for the water desorption process. This value is somewhat lower than the 26.16 kJ/mol which have been reported for water desorption from bulk mesoporous SiO~2~ (10 nm pore diameter)[@b21], and is also lower than the 46--49 kJ/mol which were reported for silica gels[@b20].

Discussion
==========

In summary, we have studied the direct consequences of water adsorption and desorption on the optical performance of silica-based nanoporous AR coatings on glass as they are applied in photovoltaic and solarthermal energy conversion systems. Water adsorption in the pores of the film even at intermediate humidity results in a noticable increase of the effective refractive index of the coating. As a consequence, the AR effect is strongly reduced. Desorption follows three regimes which can be directly related to the three known regimes under isothermal conditions. The temperature regime in which the major part of the water can be driven-out rapidly lies in the temperature range of 55°C and 135°C. We also report activation energy and desorption timescale in isothermal conditions, which can be used to judge technical applications. Within the experimental range of our data, the sorption and desorption process is fully reversible, resulting in "*optical breathing"* of the film. Secondary effects such as the promotion of substrate corrosion through accumulation of water in the film, however, cannot be excluded. Nanoporous AR films with closed pore structure or high hydrophobicity may be of advantage for maintaining AR performance under air exposure.

Methods
=======

Preparation of Samples
----------------------

The preparation procedure and consolidation mechanism of waterglass-based AR coatings is described in detail elsewhere[@b22]. For the present study, porous films were prepared on slides of soda lime silicate glass (microscope slides, pure white, Marienfeld GmbH, Germany) by dip coating with a diluted 6 wt-% aqueous solution of potassium silicate of a SiO~2~/K~2~O ratio of 4 (BASF, Germany). The as-coated samples were first dried, then rinsed with deionized water and finally treated at 500°C for 20 min in a muffle furnace. To ensure that the coatings were loaded with water and surfaces were well hydrated[@b6], samples were kept at least overnight in a desiccator containing a saturated aqueous solution of K~2~SO~4~ (Analytical grade, Laborchemie Apolda, Germany). Thickness and refractive index of the as-prepared coatings were measured by ellipsometry.

Optical Transmission Measurements
---------------------------------

Optical transmission spectra were recorded at room temperature with a standard UV/VIS spectrophotometer (UV-3101PC, Shimadzu, Duisburg, Germany). Optical transmission spectra at higher sample temperature were measured employing a heating stage with the visible spectrophotometer (spectrometer: iDus DV420A, Andor, Belfast, UK; lamp: Xenon lamp XBO150, Osram, Munich, Germany; control unit: Oriel, Newport spectra-physics GmbH, Darmstadt, Germany; heating stage: TS1500, Linkam Scientific Instruments Ltd., Surrey, UK). Transmission spectra in the infrared range were acquired with a FTIR spectrophotometer (IRAffinity, Shimadzu, Duisburg, Germany) at a resolution of 8 cm^−1^ and 512 scans. If not otherwise stated, the optical measurements were conducted under normal laboratory atmospheric conditions (\~25°C, 36% r.h.).

Optical Path Length Measurements
--------------------------------

The optical path length through the sample (Δ*n* in nm) was determined on a single-side coated slide with a Michelson interference microscope in transmission mode (Jenaval Interphako u.map, Carl Zeiss, Jena, Germany), equipped with a THMS600 heating stage (Linkam Scientific Instruments Ltd., Surrey, UK). In those measurements, the accuracy of optical path length is about 0.5 nm. Optical path length was determined directly, i.e., without further data treatment in two general types of experiments: one was conducted heating the humidity-loaded samples under constant and controlled atmosphere, the other was conducted under isothermal conditions at 30°C, 35°C, 50°C and 70°C, respectively; changing the humidity levels between dry and humid by purging with argon gas or humidified air (\~80% r.h. at 24°C). The gas-flow was adjusted to 3 mL/sec, resulting in an exchange (equilibration) time of the heating stage chamber (volume 35 mL) of at least 20 seconds. The time of a single cycle was varied between 180 minutes and 40 minutes.
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![Schematic illustration of the effect of water adsorption on the transmission of a glass substrate coated with a nano-porous antireflective silica coating.\
When the pores are filled with water (case a), the effective index of the coating results from the mixture of water and silica according to the volume fraction of each component. For air-filled pores (case b), the index reduces notably, leading to significantly lower reflectivity.](srep06595-f1){#f1}

![Transmission difference spectra between an as-received double-side coated and an uncoated glass for the UV-VIS and infrared spectral ranges.\
The peak assignments are explained in the text below in the next sub-chapter.](srep06595-f2){#f2}

![(a) Relative change in transmission as a function of temperature for coated glass and uncoated glass at a wavelength of 520 nm and for the heating rate of 5 K/min. The lines are guides to the eye. The desorption regions I-III as described in the text are indicated with dashed lines. In (b), the heating rate dependency of the desorption-induced increase in transmission is shown for region II.](srep06595-f3){#f3}

![Normalized optical path length recorded as a function of temperature in two different atmospheres: Ar (5 K/min) and air (3 K/min).\
Stars represent measurements after subsequent cooling. The vertical dashed lines mark the approximate position of the transition regime (corresponding to regime II in [Fig. 3a](#f3){ref-type="fig"}) between 55°C and 135°C.](srep06595-f4){#f4}

![Optical path length of the coating measured at constant temperature (30°C), but with changing atmosphere every 90 min between humid air and argon.\
The error of the pathlength measurement is ±1 nm.](srep06595-f5){#f5}

![(a) Normalized optical path lengh for the invidiual cycles presented in [Fig 5](#f5){ref-type="fig"}. The optical pathlength has been normalized to the maximum value for the corresponding cycle. (b) Reaction coordinate for examplary water desorption experiment conducted at 50°C fitted to the *Avrami* equation. The time for 50% desorption t~0.5~, has been marked on the graph.](srep06595-f6){#f6}

![*Arrhenius* plot of the drying time, t~0.5~, obtained by fitting the data to an *Avrami* equation.\
The line represents the best fit. From the slope, the activation energy is estimated to be 18 ± 1 kJ/mol.](srep06595-f7){#f7}
